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Spatial distributions and temporal changes of radioactive fallout released by the Fukushima Dai-ichi
Nuclear Power Plant accident have been investigated by two campaigns with three measurement
schedules. The inventories (activities per unit area) of the radionuclides deposited onto ground soil were
measured using portable gamma-ray spectrometers at nearly 1000 locations (at most) per measurement
campaign. Distribution maps of the inventories of 134Cs, 137Cs, and 110mAg as of March, September, and
December 2012 were constructed. No apparent temporal change of the radionuclide inventories was
observed from March to December 2012. Weathering effects (e.g., horizontal mobility) were not
noticeable during this period. Spatial dependence in the ratios of 134Cs/137Cs and 110mAg/137Cs were
observed in the Tohoku and Kanto regions. The detailed maps of 134Cs and 137Cs as of September 2012
and December 2012 were constructed using the relationship between the air dose rate and the inventory.
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/)., mikami.jaea@gmail.com
, yoshi-hoshide@nustec.or.jp
s-sato@jcac.or.jp (S. Sato),
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Ltd. This is an open access article u1. Introduction
To obtain fundamental information on taking effective and
appropriate countermeasures against the environmental impacts of
the radioactive fallout following the Fukushima Dai-ichi Nuclear
Power Plant (FDNPP) accident, the Ministry of Education, Culture,
Sports, Science and Technology (MEXT) commissioned the Japan
Atomic Energy Agency (JAEA) in June 2011 to assume a leading role
in a comprehensive investigation of the level of radioactive
contamination, including mapping the radionuclide distribution in
the ground soil around the FDNPP. It was important to produce thender the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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with standardized methods. This distribution-mapping project
started at the beginning of June 2011 after two months of prepa-
ration (which included a pilot study), and three campaigns to
obtain the basic sample data had been completed by the end of
2012.
In the ﬁrst campaign, the distributionmaps as of June 2011 were
drawn up on the basis of approximately 11,000 soil samples
collected from approximately 2200 different locations around the
FDNPP (Saito et al., 2014). Over 400 scientists and engineers from
more than 90 universities and institutes in Japan worked together
in this soil-sampling operation. To quickly obtain the inventories
(i.e., the activities per unit area) of radionuclides with short half-life
such as 131I, deposited onto ground soil at many locations, the
simple soil sampling method was adopted because it was difﬁcult
to ensure sufﬁcient numbers of the portable gamma-ray spec-
trometers and operators in June 2011.
The ﬁrst campaign applied gamma spectrometry to the collected
soil samples to produce distribution maps for the gamma-emitting
radionuclides 134Cs, 137Cs, 131I, 129mTe, and 110mAg (Saito et al.,
2014). In the ﬁve soil samples collected at each point, the concen-
tration of radionuclides exhibited statistically signiﬁcant ﬂuctua-
tions. This result suggests that even over a small area, the
radionuclide deposition densities varied signiﬁcantly.
From the second campaign onward, gamma-ray spectrometry in
the environment was conducted using portable gamma-ray spec-
trometers (hereinafter referred to as “in situ gamma spectrometry”)
to construct the distribution maps of radionuclides deposited onto
the ground soil, because radionuclideswith short half-liveswerenot
easily detected, and a sufﬁcient number of operators and portable
gamma-ray spectrometers was arranged in December 2011. The
average value of the radionuclide inventory deposited over a large
area around the measurement point is essentially obtained using in
situ gamma spectrometry. Therefore, the statistical ﬂuctuations in
the data obtained by in situ gamma spectrometry are smaller than
those obtained from soil sampling taking during the ﬁrst campaign.
Furthermore, before the second campaign started, aerialmonitoring
and othermeasurements showed thatwide areas in East Japanwere
contaminated by radionuclides released by the FDNPP accident.
In the second campaign, in situ gamma spectrometry was con-
ducted over a large region of Tohoku and Kanto from December
2011 to May 2012, except from January to March because snow
accumulation during these months prevented data collection. In
addition to in situ gamma spectrometry, air dose rate measure-
ments by car-borne survey systems and handheld survey meters
were conducted covering the same large region (Andoh et al., 2014:
Mikami et al., 2014). The contamination conditions indicated by
these measurements suggested that considering public exposure,
subsequent measurements should focus on monitoring within an
80 km radius around the FDNPP. Thus, the third campaign was
conducted in two different periods, September and December 2012,
over an area with a radius of approximately 80 km from the FDNPP.
We report herein the distribution maps of 134Cs, 137Cs, and
110mAg obtained by in situ gamma spectrometry in the second and
the third campaigns. Our discussion centers on the temporal
change between March and December 2012 and the local spatial
dependence in the deposited radionuclides.
2. Materials and methods
2.1. Measurement areas and locations
The second campaign, conducted from December 13, 2011 to
May 29, 2012, was focused on the areas where the dose rate in the
air (hereinafter referred to as “air dose rate”) at 1 m above theground was found to be greater than 0.2 mSv h1 and the adjacent
areas, according to previous aircraft-based and other monitoring.
The investigated region consequently ranged over 11 prefectures of
Iwate, Miyagi, Fukushima, Ibaraki, Tochigi, Gunma, Chiba, Saitama,
Tokyo, Kanagawa, and Yamanashi.
The investigated region was divided into 5 km  5 km grids for
those regions where the air dose rates were greater than
0.2 mSv h1 and 10 km  10 km grids for those where the air dose
rate was less. One speciﬁc location was selected, typically a public
place with a sufﬁcient open space, as a measurement site in each
grid. Whenever possible, locations that were used for soil sampling
during the ﬁrst campaign were chosen for in situ gamma spec-
trometry in subsequent campaigns also. The same measurement
points within 80-km radial area centered around the FDNPP were
selected in each of the three campaigns as often as possible. Un-
inhabited regions such as mountainous or forested regions were
excluded from this investigation. At the measurement points, the
land use varied, i.e., grasslands, bare lands, yards at community
centers, shrines, farmlands, parks, etc.
A ﬂat locationwithout large obstacles or surface disturbances at
least within a 5-m radius was selected, wherever possible, in each
grid. Places paved with asphalt or concrete were not selected as the
measurement location for in situ gamma spectrometry, because our
purpose is to determine the inventories of radionuclides deposited
onto ground soil by the accident. Furthermore, we tried to avoid
locations with large vegetation cover or near gutters where radio-
active materials tend to accumulate.
At each selected location, we conﬁrmed that the variation in the
air dose rates was within a factor of two within at least 3 m  3 m
around the exact measurement point. Several locations within 20-
km radius of the FDNPP were judged to be unsuitable for in situ
gamma spectrometry because of high air dose rates. Some places
were difﬁcult to access because of the closure of roads damaged by
Tohoku - Paciﬁc Ocean Earthquake or blocked by thick vegetation.
Consequently, in the second campaign, in situ gamma spectrometry
was successfully carried out at 972 locations over large areas of East
Japan by following the 5 km  5 km or 10 km  10 km grid system
described above. In the ﬁrst campaign, soil was sampled at about
2200 locations following a 2 km  2 km or 10 km  10 km grid
systemwithin 80 km of the FDNPP and in other areas in Fukushima
Prefecture (Saito et al., 2014). At every measurement point, air dose
rates were measured both in terms of the air kerma rate and the
ambient dose equivalent rate 1 m above the ground.
In the third campaign, the measurements were made twice in
the region within an 80-km radius of the FDNPP. The ﬁrst part of
measurements was made from August 13 to September 19 and the
second was from November 5 to December 12, 2012. The mea-
surement region was divided into 5 km  5 km grids, and the
measurements were made at a single location in each grid. The
measurement conditions in the third campaign were the same as
those of the second campaign. In situ gamma spectrometry and air
dose rate measurements were carried out at 375 locations during
the ﬁrst part and at 373 locations during the second part of
measurements.
2.2. Arrangements for measurements
Prior to the second campaign, we developed an electronic data
collection system using tablet PC terminals for efﬁcient data
collection and processing. The postal addresses and the position
information (longitude and latitude) of every location to be
measured each day were displayed on the terminals for in-
vestigators visiting the target areas. The coordinates where the
portable gamma-ray spectrometer was located were automatically
acquired by the terminal. Photographs were taken with a camera
Fig. 1. Distribution map of 134Cs inventory obtained using in situ gamma spectrometry using b of 1.30 g cm2 (b is the relaxation mass depth). Activities were decay-corrected to
March 1, 2012.
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Fig. 2. Distribution map of 137Cs inventory obtained using in situ gamma spectrometry using b of 1.30 g cm2 (b is the relaxation mass depth). Activities were decay-corrected to
March 1, 2012.
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Fig. 3. Distribution map of 110mAg inventory obtained using in situ gamma spectrometry using b of 1.30 g cm2 (b is the relaxation mass depth). Activities were decay-corrected to
March 1, 2012.
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Fig. 4. Distribution map of air dose rates at 1 m above ground obtained using in situ gamma spectrometry using b of 1.30 g cm2 (b is the relaxation mass depth). Measurements
were performed from December 2011 to May 2012.
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Fig. 5. Two-dimensional scatter plot between the air kerma rates measured by NaI(Tl)
scintillation survey meters and those derived by in situ gamma spectrometry in the
second campaign: Air kerma rates were evaluated using b of 1.30 g cm2 (b is the
relaxation mass depth). Measurements were performed from December 2011 to May
2012. The line is a simple linear regression line with no intercept. The R2 value rep-
resents the coefﬁcient of determination.
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conditions of the measurement location. These photographic re-
cords were useful for discussions between the on-site investigators
and supervisors in the ofﬁce, and they helped the investigators to
revisit the same locations for the next measurement.
The acquired monitoring data of air dose rates, inventories of
radionuclides deposited onto the ground, the position information
of measured locations and photographs, and so on were recorded
quickly and easily by the data collection server at the ofﬁce via a
mobile phone connection. To avoid registration mistakes, the input
data was double-checked on site by two investigators before data
transmission. The transmitted data was checked again at the ofﬁce
in Tokyo. Thus, the advantages of using this terminal include efﬁ-
cient data handling and a reduced possibility of the data being
unreported, unrecorded or of the wrong data being recorded.
2.3. In situ measurements with portable gamma-ray spectrometer
and survey meter
2.3.1. Participating institutions
In December 2011, several teams were organized for in situ
gamma spectrometry. For the second campaign, the Japan Chemical
Analysis Center (JCAC), Institute of Physical and Chemical Research
(RIKEN), University of Tsukuba, Osaka University, Nuclear Safety
Technology Center (NUSTEC), Institute of Radiation Measurements
(IRM), JAEA from Japan, and the Institute of Radioprotection and
Nuclear Safety (IRSN) from France managed the investigators
equipped with a portable gamma-ray spectrometer. In the third
campaign, the JCAC, JAEA, NUSTEC, and IRM were in charge of
performing the measurements.
2.3.2. Measurement conditions
At the measurement location, the portable gamma-ray spec-
trometer was placed using a tripod, so that the effective center of
the detector was at the height of 1 m from the ground surface.
During the second campaign, the data acquisition time was 1 h.
However, where short-lived nuclides were not expected to be
detected (even by observing the accumulated spectra for 1 h), the
data acquisition time was shortened. During the third campaign,
the data acquisition time was 0.5 h, because we did not expect to
detect gamma rays from short-lived nuclides. In December 2012,
the remaining anthropogenic nuclides were mainly radiocesium
isotopes.
The inventories of anthropogenic radionuclides deposited onto
the soil were estimated by integrating the counts in the peak region
in the gamma-ray spectrum. The air dose rates at 1 m above the
ground at the measurement locations were derived from the in-
ventory in accordance with the ICRU Report 53, with the obtained
relaxation mass depth based on an environmental study performed
in Fukushima Prefecture, in which observed depth proﬁles of
radiocesium were analyzed by ﬁtting with exponential functions
(Matsuda et al., 2014). The relaxation mass depth (also called
relaxation mass per unit area or b) corresponds to the depth where
the radiocesium concentration is 1/e of that at the ground surface.
The values of b in March, September, and December 2012 were
determined as 1.30, 1.57 and 1.90 g cm2 from the arithmetic mean
of 83, 82, and 82 data points, respectively.
The radionuclide inventory was calculated under the assump-
tion that a gamma-ray spectrum was measured under an ideal
condition, that the detector was located in an open ﬁeld with ﬂat
terrain with no attenuation of the gamma rays, and that the ra-
dionuclides were exponentially distributed in depth in the soil.
However, at some measurement locations, this assumption was
invalid. For example, somemeasurement locations were not ideally
open areas or completely ﬂat. At several locations, the highestradiocesium concentration was not observed at the ground surface
but at a certain depth, and the depth proﬁle was not well ﬁt by an
exponential function. In these cases, an effective b value which is
equivalent to b derived from an exponential depth proﬁle was
determined from the relationship between the air dose rate at 1 m
above the ground and the depth proﬁle. Thus, the results of the
measurements include a certain degree of error.
To standardize the data collection processes, including the
treatment of electrical devices, the investigators who made the in
situmeasurements followed a common protocol for registering the
obtained data. Furthermore, at the beginning of these campaigns,
intercomparison measurements were conducted among the
participating institutions to conﬁrm their measurement re-
liabilities. The inventories of 137Cs evaluated by the participating
institutions were agreed within 9% of the coefﬁcient of variation.
2.3.3. Air dose rate measurement
In the second and third campaigns, air dose rates were
measured (in terms of both air kerma and ambient dose equivalent)
using NaI(Tl) scintillation survey meters (TCS-171B, Hitachi-Aloka
Medical, Ltd) at the exact positions where the portable gamma-
ray spectrometers were placed. These survey meters are photon-
energy compensated using a spectrum-dose conversion operator
(G(E) function) (Tsutsumi et al., 1991) and had been calibrated
within a year at laboratories traceable to the Japanese primary
standard. The gamma-ray spectra obtained in the ﬁeld differ, in
principle, from those obtained during calibration because the lower
energy components of the spectrum are expected to be greater in
the ﬁeld than in the calibration laboratory. In particular, this
recognition is important in cases where decontaminationwork was
carried out. Therefore, to obtain accurate air dose rates, the output
of the survey meters should be energy compensated by taking into
account its gamma-ray energy response.
2.3.4. Construction of detailed maps
In the third campaign, the air dose rates, in terms of the ambient
dose equivalent, were measured at approximately 6500 locations
with a 1 km  1 km grid in the area within an 80-km radius of the
FDNPP to construct more detailed distribution maps (Mikami et al.,
2014). Both the inventories of radiocesium and the air dose rates
were obtained at approximately 370 locations as mentioned in
Fig. 6. Distribution map of the ratio of 110mAg to 137Cs (110mAg/137Cs): The amount of the deposited radionuclide was estimated using b of 1.30 g cm2 (b is the relaxation mass
depth). Activities were decay-corrected to March 1, 2012.
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Fig. 7. Two-dimensional scatter plot between inventories of 110mAg and 137Cs in the
northwest region in the second campaign, Inventories of radionuclides were evaluated
using b of 1.30 g cm2 (b is the relaxation mass depth). Activities were decay-corrected
to March 1, 2012. The line is a simple linear regression line with no intercept. The R2
value represents coefﬁcient of determination.
Fig. 8. Two-dimensional scatter plot between inventories of 110mAg and 137Cs for all
regions, except the northwest region in the second campaign, Inventories of radio-
nuclide was evaluated using b of 1.30 g cm2 (b is the relaxation mass depth). Activities
were decay-corrected to March 1, 2012. The line is a simple linear regression line with
no intercept. R2 value represents coefﬁcient of determination.
Fig. 9. (a) Two-dimensional scatter plot between inventories of 134Cs and 137Cs in the second campaign. Inventories of the radionuclides were evaluated using b of 1.30 g cm2 (b is
the relaxation mass depth). Activities were decay-corrected to March 1, 2012. (b) Two-dimensional scatter plot between inventories of 134Cs and 137Cs decay-corrected to March 11,
2011 from data shown in Fig. 9 (a). The lines are simple linear regression lines with no intercept. R2 values represent coefﬁcients of determination.
Fig. 10. Histogram of ratios of 134Cs to 137Cs.
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Fig. 11. Distribution map of ratio of 134Cs to 137Cs (134Cs/137Cs). Inventories of radionuclides were evaluated using b of 1.30 g cm2 (b is the relaxation mass depth). Activities were
decay-corrected to March 1, 2012. Blue points represent ratios smaller than 0.785 and red points represent ratios greater than this value.
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Fig. 12. Distribution map of 134Cs inventory obtained using in situ gamma spectrometry using b of 1.57 g cm2 (b is the relaxation mass depth). Activities were decay-corrected to
September 1, 2012.
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Fig. 13. Distribution map of 134Cs inventory obtained using in situ gamma spectrometry using b of 1.90 g cm2 (b is the relaxation mass depth). Activities were decay-corrected to
December 1, 2012.
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Fig. 14. Distribution map of 137Cs inventory obtained using in situ gamma spectrometry using b of 1.57 g cm2 (b is the relaxation mass depth). Activities were decay-corrected to
September 1, 2012.
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Fig. 15. Distribution map of 137Cs inventory obtained using in situ gamma spectrometry using b of 1.90 g cm2 (b is the relaxation mass depth). Activities were decay-corrected to
December 1, 2012.
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Fig. 16. Distribution map of 110mAg inventory obtained using in situ gamma spectrometry using b of 1.57 g cm2 (b is the relaxation mass depth). Activities were decay-corrected to
September 1, 2012.
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Fig. 17. Distribution map of 110mAg inventory obtained using in situ gamma spectrometry using b of 1.90 g cm2 (b is the relaxation mass depth). Activities were decay-corrected to
December 1, 2012.
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Fig. 18. Two-dimensional scatter plot of the air kerma rates measured by NaI(Tl)
scintillation survey meters and in situ gamma spectrometry. Measurements were
performed in August and September 2012. The line is a simple linear regression line
with no intercept. R2 value represents coefﬁcient of determination.
Fig. 19. Two-dimensional scatter plot of the air dose rates in terms of air kerma
measured by NaI(Tl) scintillation survey meters and in situ gamma spectrometry.
Measurements were performed in November and December 2012. The line is a simple
linear regression line with no intercept. R2 value represents coefﬁcient of
determination.
Fig. 20. Two-dimensional scatter plots of air dose rate in terms of ambient dose equivalent
by in situ spectrometry. Measurements were performed in August and September 2012. The l
of determination. (Left: 134Cs, Right: 137Cs).
S. Mikami et al. / Journal of Environmental Radioactivity 139 (2015) 320e343336Section 2.1. As a result, correlative relationships between the air dose
rate and the inventory of 134Cs or 137Cs at the same locations were
obtained. The inventories at approximately 6500 locations where
only the air dose rate measurement was performed were evaluated
using these relationships, and the detailed distributionmaps of 134Cs
and 137Cs inventories were constructed.
3. Results and discussion
3.1. Distribution maps of radionuclides as on March 2012
In the second campaign, 134Cs and 137Cs were detected at all the
locations except one (where 134Cs was not detected). Silver-110 m
was detected with very low levels at a sufﬁcient number of loca-
tions to draw up a map.
The inventories of 134Cs, 137Cs, and 110mAg deposited onto the
ground were evaluated according to ICRU Report 53, with the
relaxation mass depth b ¼ 1.30 g cm2 obtained by soil sampling
with the scraper plate method conducted in 2012 (Matsuda et al.,
2014). The distribution maps of 134Cs, 137Cs, and 110mAg in-
ventories are shown in Figs. 1e3, respectively. The inventories were
decay-corrected to the values on March 1, 2012 according to the
half-lives of the radionuclides.
These maps indicate the following facts:
(1) The radionuclides were densely deposited in the region to
the northwest of the FDNPP.
(2) The northwest region mentioned in (1) connects continu-
ously to a strip-shaped region running northesouth in the
middle of the Fukushima Prefecture that received a relatively
high deposit of radionuclides.
(3) The strip-shaped region mentioned in (2) extends south
through Tochigi Prefecture to Gunma Prefecture.
(4) Radiocesium activity ﬂowed along the coast and reached
Tokyo through Chiba Prefecture.3.1.1. Air dose rate evaluation by the in situ spectrometry
Fig. 4 shows the distribution of the air dose rates in terms of air
kerma derived from the inventories deposited on the ground as
measured by the in situ gamma spectrometry with b ¼ 1.30 g cm2
(hereinafter referred to as “air dose rate by in situ gamma spec-
trometry”). Fig. 5 shows a two-dimensional scatterplot between the
air kerma rates by in situ gamma spectrometry and those by the
NaI(Tl) scintillation survey meters. The data in Fig. 5 are well ﬁtmeasured by NaI(Tl) scintillation survey meter and inventory of radiocesium evaluated
ines are simple linear regression lines with no intercept. R2 values represent coefﬁcients
S. Mikami et al. / Journal of Environmental Radioactivity 139 (2015) 320e343 337with the regression line described by a linear function with the
slope 1.04 ± 0.00. This result supports the reliability of the in situ
gamma spectrometry and the validity of the selection of the b value.
The 5th and 95th percentile values of bwere 0.49 and 2.58 g cm2,
respectively. In this range, the uncertainty due to the variation of b
from the mean value of 1.30 g cm2 was calculated as ~20% for
estimating the air dose rates from the inventory.
3.1.2. Ratios of 110mAg and 137Cs
A distribution map of the ratios of 110mAg to 137Cs is shown in
Fig. 6. The ratio is high in the northwest region near the FDNPP.
Figs. 7 and 8 show the two-dimensional scatterplot of the 110mAg
and 137Cs inventories in the northwest direction (within 41 km
from the FDNPP), and in other regions, respectively. Saito et al.
(2014) reported that there were correlations for the inventories of
137Cs to 131I and to 129mTe, but not to 110mAg. These results are based
on an analysis of data obtained from a large number of soil samples
collected mainly within 80 km of the FDNPP in June and July 2011.
Therefore, the differences in the inventory were inferred to depend
on the chemical properties of radionuclides, such as the volatility
and solubility in water. Yet, a high correlation between 110mAg and
137Cs was observed in a relatively lower inventory range, as shown
by the coefﬁcient of determination (R2 ¼ 0.81) in Fig. 8. Thus,
because relatively narrow areas were investigated, the speciﬁc
features of the ratios are considered to be difﬁcult to determine
from the ﬁrst campaign; in addition, statistical ﬂuctuations appear
in the obtained inventories because of the soil sampling method
used. Note that a high correlation existed between 110mAg and 137Cs
even though their chemical properties are rather different.
3.1.3. Ratios of 134Cs and 137Cs
The inventories of 134Cs and 137Cs at all the measurement lo-
cations (except onewhere 134Cs was not detected) onMarch 1, 2012
were compared. The ratio of the inventories (134Cs/137Cs) was close
to 0.79 (Fig. 9a). The correlation between them was very high
(R2 ¼ 1.0), as shown in Fig. 9a. This result suggests that the be-
haviors of the two nuclides were similar and that the measure-
ments were conducted properly. From these results, the ratio on
March 11, 2011 was calculated to be 1.07 by decay correction
(Fig. 9b). In addition, the frequency of the ratio of 134Cs to 137Cs at
every measurement point (except one where 134Cs was not detec-
ted) is shown in Fig. 10. Frequency distribution of the ratios is not
well described with a single Gaussian function, but the ratios are
divided into groups with 0.785, and >0.785. Fig. 11 shows a two-
color map of the distribution of the ratio: this distribution in ratioFig. 21. Two-dimensional scatter plots of air dose rates in terms of ambient dose equivalent
by in situ spectrometry. Measurements were performed in November and December 201
coefﬁcients of determination. (Left: 134Cs, Right: 137Cs).may be regionally dependent. The distribution map of the ratio
134Cs/137Cs was visually compared to the results of previous simu-
lations of daily atmospheric dispersion from the FDNPP (Yamazawa
and Hirao, 2012; Terada et al., 2012). The higher rated regions were
observed in Ibaraki Prefecture to the south of the FDNPP and the
inland regions, such as Gunma Prefecture (Fig. 11). These regions
correspond to the area contaminated by radiocesium dispersed on
the midnight of March 14e15, according to the simulation by
Yamazawa and Hirao (2012). The other higher rated regions in the
northern direction of the FDNPP, such as Miyagi Prefecture, also
correspond to the area contaminated by dispersion on March
20e21 (Yamazawa and Hirao, 2012). The spatial variations of
134Cs/137Cs ratio can be attributed to multiple releases with
different ratio, although the observed differences in the ratio were
very small.3.2. Distribution maps of radionuclides as on September and
December 2012
The resultant distribution maps of 134Cs, 137Cs, and 110mAg by in
situ gamma spectrometry in the third campaign are shown in
Figs. 12e17. The results of the ﬁrst part (August 13 e September 19)
and second part (November 5 e December 12) of the third
campaign were decay-corrected to September 1, 2012 and
December 1, 2012, respectively. The inventories were evaluated by
in situ gamma spectrometry with the b values of 1.57 and
1.90 g cm2 for the ﬁrst and second parts in the third campaign,
respectively.
The air kerma rates at 1 m above the ground were estimated by
in situ gamma spectrometry in the third campaign. Figs. 18 and 19
show the two-dimensional scatterplots of the air kerma rates by in
situ gamma spectrometry and those by NaI(Tl) scintillation survey
meters in the ﬁrst and second parts of the third campaign,
respectively. The air kerma rates in Figs. 18 and 19 are well ﬁt with
the regression lines, with the slopes 1.01 ± 0.01 and 0.97 ± 0.00,
respectively. These results support the reliability of the in situ
gamma spectrometry and the validity of the selection of the b
values.
Figs. 20 and 21 show the two-dimensional scatterplots of the air
dose rate measured by the survey meters and the inventories of
134Cs and 137Cs obtained by in situ gamma spectrometry in the third
campaign. The air dose rates and inventories are well ﬁt with their
regression lines, having R2 values of ~0.99.
For approximately 6500 measurement locations where only the
air dose rate was measured, the inventories of 134Cs and 137Cs weremeasured by NaI(Tl) scintillation survey meter and inventory of radiocesium evaluated
2. The lines are simple linear regression lines with no intercept. R2 values represent
Fig. 22. Detailed distribution map of 134Cs inventory; (▫): measured by in situ gamma spectrometry and (B): evaluated from air dose rates measured by NaI(Tl) scintillation survey
meters based on the relationship between air dose rates and inventory as of September 1, 2012.
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Fig. 23. Detailed distribution map of 137Cs inventory; (▫): measured by in situ gamma spectrometry and (B): evaluated from air dose rates measured by NaI(Tl) scintillation survey
meters based on the relationship between air dose rates and inventory as of September 1, 2012.
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Fig. 24. Detailed distribution map of 134Cs inventory; (▫): measured by in situ gamma spectrometry and (B): evaluated from air dose rates measured by NaI(Tl) scintillation survey
meters based on the relationship between air dose rates and inventory as of December 1, 2012.
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Fig. 25. Detailed distribution map of 137Cs inventory; (▫): measured by in situ gamma spectrometry and (B): evaluated from air dose rates measured by NaI(Tl) scintillation survey
meters based on the relationship between air dose rates and inventory as of December 1, 2012.
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Fig. 26. Two-dimensional scatter plots of 137Cs inventories between their values as of
March 1 and those as of both September 1 and December 1, 2012. The lines are simple
linear regression lines with no intercept. R2 values represent coefﬁcients of
determination.
Fig. 27. Two-dimensional scatter plots of 134Cs inventories between their values as of
March 1 and those as of both September 1 and December 1, 2012. The lines are simple
linear regression lines with no intercept. R2 values represent coefﬁcients of
determination.
S. Mikami et al. / Journal of Environmental Radioactivity 139 (2015) 320e343342evaluated using the relationship between the air dose rate and the
inventories. The detailed maps of 134Cs and 137Cs inventories as of
September 2012, and those as of December 2012 were constructed
using the evaluated values (Figs. 22e25).
3.3. Temporal change of radiocesium inventory
The temporal change of the 137Cs inventory was examined by
comparing the in situ gamma spectrometry results obtained in the
second (March 1, 2012) campaign with those obtained at the same
locations in the third campaign (including the two measurement
periods of September 1 and December 1, 2012). The measurement
positions were chosen to be as close to the same locations as
possible in the second and third campaigns in the area within
80 km of the FDNPP. However, some positions were shifted to
neighboring locations because of changes in the site conditions. For
estimating the temporal change, measurement positions that were
within 20 m of each other were deemed to be the same position
according to the position information obtained by the global
positioning system (GPS), because the uncertainty of positioning of
the GPS is ~20 m.
Fig. 26 shows the scatterplots of the 137Cs inventories between
their values as of March 1, 2012 and both September 1 and
December 1, 2012. The slopes of the regression lines of the 137Cs
scatterplots are 1.00 ± 0.01 and 1.02 ± 0.01 for the periods of March
to September and March to December, respectively. This result
implies that the change in the 137Cs inventory over these periods
was small. The attenuation rate of 137Cs, as per its physical half-life
is 2% for the nine months from March to December 2012. Fig. 27
shows the scatterplots of the 134Cs inventory values during the
same period. The slopes of the regression lines of the 134Cs scat-
terplots were 0.86± 0.01 and 0.81± 0.01 for the periods ofMarch to
September and March to December, respectively. The 134Cs in-
ventory decreased by ~20% from March to December 2012, while
the attenuation rate of 134Cs, according to its physical half-life, is
~22% during the same period. These results imply the migration of
137Cs and 134Cs deposited onto the soil, especially in horizontal
direction was little between March and December 2012.
In addition, because the slope of regression line can be changed
by a few large values of data, the temporal changes of the 137Cs and
134Cs inventories were estimated by the ratio of the average in-
ventories obtained during different campaigns. The ratios of the
average 137Cs inventories between March and September 2012 and
betweenMarch and December 2012were both evaluated to be 1.05.
The ratios of the average 134Cs inventories between March and
September 2012 and betweenMarch and December 2012were 0.88
and 0.82, respectively. Thus, the ratios of averaged inventories also
indicate that migration of radiocesium in horizontal direction is
quite minor.
Consequently, the temporal change of the deposited radio-
cesium was observed to be small between March and December
2012. This lack of mobility of the radiocesium inventory deposited
onto the ground was possibly because of the topography of the
selected measurement locations (open and ﬂat terrain) as a
precondition for in situ gamma spectrometry. In addition, although
Typhoon Jelawat (2012) hit the Fukushima region between
September 30 and October 1, 2012, the precipitation was reported
to be as little as 50 mm, even at the maximum.
4. Conclusions
This study presents the distributionmaps of inventories of 134Cs,
137Cs, and 110mAg deposited on the ground as of March, September
and December 2012. Little temporal change was observed in the
134Cs and 137Cs levels deposited on the ground between March andDecember 2012. The weathering effects, especially horizontal
mobility, of radiocesiumwere barely observed in the overall trends.
Spatial variations in the ratio 134Cs/137Cs can be attributed to
multiple releases with different ratio. The distribution of the ratio
110mAg/137Cs was high in the northwest regions near the Fukushima
Dai-ichi Nuclear Power Plant. A high correlation between 110mAg
and 137Cs was observed in a relatively lower inventory range.
The detailed maps of the inventories of 134Cs and 137Cs depos-
ited on the ground as of September 2012 and those as of December
2012 were constructed using the relationship between the air dose
rate and the inventory.
This study provides comprehensive inventory data acquired
within two years of the FDNPP accident of gamma-emitting ra-
dionuclides deposited over wide areas where radionuclide depo-
sition occurred in East Japan. These data should be useful to
S. Mikami et al. / Journal of Environmental Radioactivity 139 (2015) 320e343 343evaluate the consequences of the accident and also to analyze the
dispersion and deposition processes of the radionuclides that were
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